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I• I N'I RODUCTIUN

1.1 GENERAL

This is a final report on Task V of FAA Contract DOT

FA7SWA-3662, Differential Omega System Development ano

Evaluation. The Task V effort began 27 August 1977 ana was

completed on 1S August 1981. The overall plan for this project

contemplated a cooperative approach involving System Contro±,

Inc. (SCI), the FAA Alaska region, the Canadian Ministry of

Transport [Transport Canada] ana Tracor, Inc. LIracor], wnere

Tracor was involved via subcontract to SCI.

1.2 OBJECTIVES

The overall objective of this project has always been to

demonstrate Differential Omega as a possible alternative to

VOR/DME within an operational environment that includes enroute

and terminal area operations. The area of North Alaska and

Northwest Canada was selected as the location for the

demonstration. Basic Omega coverage over this area is excellent,

but there is a sparsity of more precise navigationai aids.

To achieve the project objective, early planning called for

three ground stations to be implementea ana up to six airborne

units were to be employed. The grouna stations were piannea at

the following sites:

* Fairbanks, Alaska

* Deadhorse, Alaska

0 Inuvik, Canada

Nw -



At each ground station, the existing aeronautical beacon

transmitter was to be modified to transmit the Differential Omega
data. The direction finding capabilities of the beacons were not

to be affected. The aircraft equipped with the airborne units

were to conduct normal operational flights within the coverage

area for up to one year. Data were to be acquired both
automatically and manually.

The data of interest were to be such as needed to assess the

effective range and accuracy of Differential Omega. In addition,
operational type data were to be acquired to the extent possible.

It was intended originally that the results of this field
test demonstration were to lead to a complete description of a

Differential Omega system description including:

* Ground Stations

* Avionics Equipment

* Data Formats

0 Interfaces

* Operating Modes

and a statement of the performance achieved in an operational

environment.

During the course of Task V some of the intermediate

objectives changed, although the ultimate objective remained

unchanged. Some of the more important modifications in the

project have been as follows:

* Ground stations have been established at
Anchorage, Alaska, and beadhorse, Alaska. No
ground station has been established in Northwest
Canada although a ground station has been set up
temporarily in a Transport Canada laboratory in
Ottawa, Ontario.

a Two sets of Differential Omega avionics have been
developed to operational status and a third set
has been partially developed. One operational set
has been installed and routinely flight tested in
an FAA aircraft in Anchorage. The second
operational set has been tested by Transport
Canada in Ottawa.
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* All FAA-sponsorea flight tests unoer this project
have been conducted in Alaska. No flight tests
have taken place in Northwest Canada. Some mobile
tests of the second operational set have been
conducted via test van near Ottawa.

0 During the October 1980 flight tests, Tracor
conducteo an experiment designed to proviue
cancellation of precipitation-static interference
in airborne Omega applications. The experiment
was performed under the subcontract from SCI to
Tracor.

a The project was completed on August 15, 1981.

1.3 BACKGROUND

Omega, a VLF navigation system basea on a worldwide network

of eight transmitters operated at 10.2, 11.05, 11.333 ano 13.6

kHz, provides global coverage for users. These frequencies are

synthesized from a common source and are maintained in the exact

ratio 1, 13/12, 10/9, 4/3. Phase coherence and emission timing

are tightly controlled in the transmitter network. Table 1.1

lists Omega transmitter letter designations an locations.

A user wishing to navigate measures the phase ditference

between signals at one frequency trom a pair of transmitters and

thus establishes a line of position ILOP). Repeating the process

with two more pairs of transmitters leads to a unique navigation

fix. Navigational ambiguities can exist with Omega since any one

phase difference corresponding to a pair of transmitters uefines

a family of hyperbolic LOPs. Along a baseline, LOPs occur ever)

half wavelength. The region between adjacent LOPs is known as a

lane and Omega accuracies are frequently described in units of

centilanes (0.01 lane). The lane ambiguity problem can be

alleviated by combining instantaneous measurements from two

frequencies.

Omega is a VLF system and it is therefore subject to all tne

propagation anomalies normally associated with VLF. some of the

more important error sources associated with Omega are; ta)

3



Tab Ie 1.
umega Transmitting Stations

STATION LETTER
DESIGNATION LOCATION LATITUDE/LONGITUDE

A Aidra, Norway 66025'N/13008'E

B Monrovia, Liberia 06018'N/100)40'W

C Haiku, Hawaii 21024'N/157050'W

D La~oure, North Dakota 46021'NI98020'W

E La Reunion 20058'S/55'17'E

F Golfo Nuevo, Argentina 430 3'S/65011'W

G Gippsland, Australia * 38029'S/146050'E

H Tsushima, Japan 34037'N/129027'E

*The Australia station is expected to become operational in

1931.
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diurnal and seasonal ionospheric variations, bJ transient

ionospheric phenomena such as Polar Cap Absorption (PCA) events

and Sudden Ionospheric Disturbances (S1s) that give rise to

propagation anomalies, (c, moual interference, ana (u) noise.

Diurnal and seasonal ionospheric variations cause phase

shifts on the order of SO-100 centilanes at most user locations.

These variations can be predicted and modelea to within a

reasonable accuracy and are provioed to users as algorithms

within a receiver's navigation processor.

Sudden phase anomalies are associated with ,iDs causea by

solar flare x-rays. These are daytime events ano typically last

about fifty minutes. Solar protons, associated with large

flares, may be guided into the polar regions ano produce PuA

events. These events may affect polar region propagation for

several days.

Modal interference describes the effect that occurs when

more than one waveguide propagation mode is excitea by a raciacea

signal. when this happens, the modes received by a user combine

constructively and destructively and cause anomalous signal

variations. this phenomenon occurs most commonly near a

transmitter and when the propagation path crosses a twilight

region.

Noise at VLF is mostly of atmospheric origin, although

manmade noise can dominate in certain local regions. Noise

effects can be diminished by integrating received signals over

long periods, but the period ot integration must be ccnsisent

with dynamic requirements of the user and exptcteu transients in

the signals.

Airborne radio reception at VLF is susceptible to noise

caused by a phenomenon known as precipitation static, or

P-static. P-static is associateo with precipitation ot ice

particles on the metal skin of the aircraft that results in a

buildup of electrostatic charge. The problem occurs primaril% in



systems that use E-field antennas, ano can degrade Omega

performance significantly. Section 3.2 discusses a special

experiment designed to study this problem.

Quoted accuracy for Umega under nominal conditions is 1-2 NM

[1,3,41. Nominal conditions include the use of propagation

prediction corrections (PPCs) to compensate for regular

ionospheric variations, the absence of SIDs ano PCA events, the

absence of modal interference, the absence of excessive noise,

and the adequate compensation of platform dynamics. Under less

favorable conditions, Omega accuracy degrades, either gradually

or in the form of lane ambiguities. Marine users on the high

seas may find 1-2 NN accuracy acceptable and may even be able to

tolerate limited perods of degraded accuracy. On the other hand,

marine navigation in restricted waterways and aircraft navigation

near terminals requires a higher level of accuracy and

reliability.

The Differential Omega concept arises from the observation

that many Omega navigation errors associated with propagation

effects are highly correlated in time ano space. For example,

consider two Omega users navigating independently a short

distance apart. The absolute error of each user's fix may be 2

NM, but the relative positional error will be perhaps an oroer of

magnitude smaller. If a real-time data link could be established

between the two users so that both sets of phase measurements

could be correlated, then the two users could maintain a

positional relationship accurate to within a fraction of a mile.

This concept is known as Relative Omega. It we now consider that

one user remains fixed at a known, surveyed location and provides

real-time phase measurement data to the second user, then the

second user can obtain absolute navigational accuracy to within a

fraction of a mile. This concept is known as Differential Omega,

the fixed user is called the monitor and the moving user is

called the navigator.
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The ability of Differential Omega to eliminate correlated

errors points to a significant practical benefit, namely that the

navigator need not provide or compute PPCs since such corrections

are intrinsic to the differential corrections receiveu over the

data link.

Differential Omega, as a concept, his been recognizea for at

least 14 years [1-3]. Experimental veritication of the concept

has been somewhat limited [4-S]. 6wanson ano Davey [5] have

described the results of a marine Difterential Omega experiment

conducted in the coastal waters off Galveston, lexas. Figure c.i

illustrates results of navigational accuracy as a function of

range from the monitor obtained by Swanson anu uavey. These
results indicate an accuracy of 0.2 NM at close ranges anu a
gradual degradation in accuracy with increasing range. At very

long ranges, the error obtained with Differential Omega may

exceed the error obtained with ordinary Omega. The radius of the

applicable region is limited both by the propagation range of the

data link and the tolerable decorrelation error.

0.7[

0.6

I

- .- 4 0
L LF TELEMETRY

60* HF TELEMETRY

0 ZO 4C 60 80 100 120 140 160 180 200 220 240 260 280 3C0

RANGE FROM BEACON 4M

Figure 1.1 Differential Omega Accuracy vs. Range from Monitor L[5
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Navigational aids for aviation users include a broad

spectrum of systems, that range from a simple non-airectional

beacon (NDB) to VOR and DME (and its military counterpart, TACAN)

and radar. The most comprehensive and complex systems such as

radar and VOR/DME are expensive, require frequent maintenance ana

consume a high level of electrical power. Less comprenensive

navigational systems such as NDBs require very little maintenance

ano power and are relatively inexpensive. Throughout much of

Alaska and Northern Canada, many remote communities depena

entirely on aviation for supplies and transportation to ano from

the outside world. The facilities available at these remote

sites frequently consist of little more than a landing strip

large enough to accomodate a small aircraft. Energy is always a

problem at such sites since fuel must be flown in, consequently,

most remote airstrips do not even have the luxury of a colocated

NDB. The costs of providing VOR/DME at every remote airstrip in

North America would be prohibitive. Even NDBs with their lower

costs and more mocest energy requirements co not otfer a

completely attractive solution, since an NDB provides directional

information only, and in order to be effective, must be locateu

at the site being sought by the navigating aircraft.

The Federal Aviation Administration and Transport Canada

have been seeking a solution to the requirement for a low-cost,

accurate navigation system that will meet the neeus of small

aircraft flying in and out of remote locations in the northern

part of the continent.

Differential Omega is considerea to be a potentia± answer to

this requirement. Studies [6j have shown that Differential Omega

in the Alaska/Yukon region should be able to provide

two-dimensional navigation accurate to within a fraction of a

mile over a region within a hundred-mile radius from a monitor.

It has been suggested that it is practical to colocate a

Differential Omega monitor and an NDB ana to use the NDB as a

carrier for the differential correction information. This means

8
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that Differential Umega monitors coula be ueployeu at exibtiRg

NUB sites at relatively low cost anu at very littie increasc in

electrical power requirements. It also means that NDbS used in

conjunction with Differential Umega woula not nave to oe iucateu

at every airstrip, but coulu support navigation over a re&ioun

that mignt incluue several airstrips.

1.4 PRuJECT Ni LEbSUNhs

Sone ot tie important milestones that nave occurreu ouring

the course ot TasK V are as toliows:

0 May 1979. une set of Ditterentiai umega avionics
was deliverea to Transport canaca. Monitor
station equipment was aeliverea to Ancnora&e.

* uctober 1979. An avionics package was instaiieu
in the FAA aircraft at Anchorage ana was test
flown.

0 January i980. Ditterentiai umera navigatiun w±s
ight testea trom Anchora 6 e. Results suggesteu

successful navigation using ijitterentia, Umeba tnu
inoicatea an achieveu range ot 4U miles on tne
aata link from the monitor station to the aircratt.

0 Ntarcn 1980. A tlight test was conauctea auring
which software ana interface pruolews were
encounterea.

* June 1980. A oifterentiai Umega tilght test
yieloea successtul reception ot tne monitor signat
to a maximum range ot 94 miles. ;uftware anu
interface proolems negateu any navigation results.

a uctober 1980. bxtensive triint tests anu gluunu
tests were conaucteu. higniights ot tne tests
incluueu a successtui tirst test ot navigattun
using the beaanorse Nonitor, the tirst successtui
use of aigitai tape tor recoruing the uata, thle
acquisition ot extensive monitor uata ana tne
achievement ot a 19b-mile range ot operation un
tfe aata link. Proolems in sottware anu
instrumentation limitea tne accuracy pertormance
of the system, however.

9



0 February 1981. Flight tests demonstrateu
navigational accuracies of 0.1 mile to 1.0 mile
using Differential Omega.

0 April 15, 1981. An invited paper on Differential
Omega was presented at the Ionospheric bffects
Symposium in Alexanaria, Virginia.

* August 1,1981. 'lask V is completed and a finai
report is submitted.
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I. tECHNICAL APPRUACH

2.1 PROJECT MANAGEMENT

This project, the development and evaluation of a

Differential Omega system, was conceived to be a joint effort

between Transport Canada and the FAA. SCI was placed under

contract to the FAA Ol'-FA7S-WA-3662) to represent the FAA in

the technical performance of the project. zC1, in turn, placed

Tracor under contract to perform specific tasks in support of the

project.

The allocation of tasks under this project and the main

participants are as follows:

0 Transport Canaaa oevelopeo the monitor station
subsystem, including the requirea software, ana
also provided on-site support for installation and
operational testing of the monitor station.

0 Tracor provided three Model 7620 Omega receivers
that were modified appropriately for Ditferential
Omega operation, where the required modifications
involved both hardware and software. Tracor also
providea flight test support in Alaska.

* SCI provided overall system design, System
Integrator development, tlight test direction,
data analysis and project management.

1i



2.2 SYSTEM CONFIGURATION

The project described herein has been primarily operational

rather than research oriented. The location of the flight tests

in Alaska has the interesting characteristic that the azimuth

directions of signals from stations A, C, D, and H intersect at

nearly right angles, as illustrateu by Figure 2.1.

The experimental concept called for the use of operationa.

NDB signals as carriers for differential correction uata. Nib's

represent a convenient means, but not the only means, for

providing a :ata link for Differential Omega, other possibilities

are VOR, special HF transmitters, etc. NDBs in Alaska have a

primary mission of direction finding (DF) and a seconcary missiun

of providing weather broadcast. The weather information is

contained in an audio (voice) signal that is amplitude-modulated

onto the beacon carrier. The NDBs that were used in this

experiment were modified so that, %hen used for Differential

Omega telemetry, the voice signal was replaced with a l-kHz siae

tone, and the side tone was bi-phase modulated with digitai error

signals derived from the Omega receivers. The use of

Differential Omega thus precluded the availability of weather

information from these NDBs and was viewea as a minor

inconvenience. The NDb identification code was maintainea auring

Differential Omega operation. A grounu rule for the Differential

Omega experiment was that the use of the NDBs for telemetry was

not to degrade the quality of the DF signals so as to compromise

the primary mission of the NDBs. At ali times uuring titis

experiment, NDBs were operated in compliance with ICAU

requirements [1).

Figure 2.2 illustrates the experimental configuration. The

avionics were mounted on a special pallet in an FAA Convair 58U

12 ",
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NORWAY (A)
3.540

.;APA4 'H)
280.85 ANCHORAGE

NORTH DAKOTA (D
92.890

HAWAII (C)
191.440

Figure 2.1 Azimuth Direction to Omega Transmitters
from Anchorage, Alaska

(RECEIVER

S~TIONl BEACON (3) YSTEM (4)

(1) DEVELOPED BY TRANSPORT CANADA.

"- (2) BUILT AND MODIFIED BY TRACOR, INC.
(3) BUILT BY BENDIX, MODIFIED BY SCI (VT).

OMEAB I (4l DEVELOPED BY SCI (VT).
I EAN'ITTER (5) SUPPLIED BY FAA.

(6) 'AA CONVAIR 580.
'4N17OR 57A71ON )

Figure 2.2 Differential Omega System Configuration

13

'Amin



aircraft based at Anchorage international Airport. Monitor

stations were located at Merrill Field about 5 miles east of

Anchorage International, and at Deadhorse, on Prudhoe Bay. Omega

receivers and NDB transmitters were nearly colocated at both

monitor stations. Reference location information for the

navigator aircraft was provided by identified paus for ground

tests, and by DME instrumentation for flight tests. Figures 2.3

and 2.4 illustrate the geography of the experiment ano available

instrumentation. These figures display every VOR/iE within 250
miles of Anchorage and Deadhorse. Although these navigation aids

provide reasonably redundant coverage for enroute navigation of

aircraft flying at high altitudes, their line-of-sight range is

proportionately less at low altitudes so that they degenerate to

short-range homing aids for general-aviation users who are

limited to altitudes less than about 10,000 ft. It can De seen

that for the low-altitude user, there are vast areas in Alaska

where there is no effective coverage by VOR/DMIE.

It is instructive to provide a brief description of the

operation of the monitors and the determination of differential

corrections. We begin by expressing the known location ot a

monitor in terms of standard phases. A stanar phase is defined

by a monitor location, an Omega transmitter location, an Omega

frequency and a geodetic model. First, the propagation range

between a monitor and an Omega transmitter is calculateu using an

appropriate geodetic model. Next, the propagation range is

expressed in wavelengths for the particular frequency. Finally,

the integer number of wavelengths is aiscared ano the fractional

wavelength is retained. This fractional wavelength is known as a

standard phase and it is a highly sensitive indicator of monitor

location. Standard phases from three Omega transmitters define

the location of a monitor uniquely except for the lane ambiguity

discussed earlier. Tables 2.1 ano 2.2 list standard phases for

the Deadhorse and Anchorage monitor stations. These values weie

calculateu using a WGS-72 geodetic model ano assuming propagation

14
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Table 2.1

Deadhorse Standard Phases in Fractions of Lanus

OMEGA TRANSMITTERS

FREQUENCY A C 0 H

10.2 .037 .157 .791 .088

13.6 .676 .592 .881 .255

11.3 .614 .986 .033 .349

Table 2.2

Anchorage Standard Phases in Fractions of Lanes

OMEGA TRANSMITTERS

FREQUENCY A C 0 H

10.2 .894 .439 .804 .953

13.6 .949 .503 .550 .085

11.3 .973 .507 .757 .729
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velocities or 10l924 .00 \M/ s ut i..u kriz anu ioj3 o N.vi/s at

lU. KHZ.-

Ne next cons icer the aritnineLic invoiveu in pruvicaig ;a

differential correction. bacii monitor rteceilvin6 system conl.Ltu

oi tiiree Umega receivers, a KUO)IuIUIII tred~uelICY staijuaru, a -rn

subcarrier motulator, anu a microcomputer. 1he ireque-ncy

stanuaru was useu to proviae stabie monitor rcceiver reterences

at 10.2, 11.33 and 13.6 kHz. Each Uine~a receiver was tuneo to

o ne o tt tie t hre e f requenc ie s a nu u sualIliy r ec e iv tu s i 6 ii i s L r ol

,-rations A, C, iu, ana H. At each trequency, tile phase ot a

s ignali f rom o ne t ra nsm ittLe r vva SC collpa r eU W itn tfl e pula Se ort the

locally synthesizea signal, anu tne phase uitterence was

transmitteu as a correction. ~ena vet, tour e ach si1gnalI

s n r

%Nfere =stanuaru phase

= ieasurea signal

r= locai reterence FnaSe

-= ailterentiai correction.

Ioeaiiy, tile local reterence phase Z' r oui" Ot' i..efttica

to tht: phase at the omega transmitter in whicni case Eq. j

woulu express tile relationship: 'Irut Kan~e - ieasureu kainge

Range Error. In tact, thle local reterence pnase aittereu roii,

the transiaitter pnase oy an droitrary uinknuwii vaile, beCause U Dic0

tile precision of the local Lrequency' rererence, Iluwtver, the~

un~nown phase ulitrence Detween the monitor iocal. rterrece anu

the transmitter varieo quite slowly. ile locai reterence, ph~ase

uisappearedu in thie process at turin 6~ anl L~t' hijicl, as wt;liv'

stated, involvea tormirig phiase uftierences Detween sibnais

measurea troin two transmitters. It he JjPply' tlii-- pro'ceSb to L4j.

(,".I) Lor any two urne6 a transiiitters laoeie-u Nu. i aifla No. wt:h

have
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~s m2 -'

Subtractin , Lq. r2 r. orin t 4  1 e~. yI as ai ua i t I --

w hicn was a correction to Odc tppiiU Lo aii LuP anfu thiii a b

inuetpenuent ol the iocai rererence phtase at thie iiuiiitur.

In this configuration each phase curreLion1 as expresseu uy

Eq. (1-ilj was transmitta via tise NUb,. 'Ind apipropriate

comninations, ais expressea Loy tne oitterencte - LZ, L r'
pert -orrnea by the navigation computer witnin the dvionic s

according to the LaPs being coinputtu. A compiete correctionu

message was transinittea every ten seconus anu consisteu 01 tweive

correction values; i.e., tour transmitters at tthree trcquencies
each .

Appenuix A ciescribes the Lormat 01 the uitterentiai uiine~a

correction message tnat was transniitteu over the .jD Liata iifnk.

Appenuix B uescribes the sottware resluent in tne ))stein

Integrator ana Appenuix C contains a scliematic uia~rawu at the

System. Integrator electronics.

19



11.. IIhLD IEbT ME A'UKzMb-- \ AN u rLuLi

3.1 6 EN hKL

iel test in or U tt rentrai uwis a under th i pri-jtL tuoN

place in January, March, June ana uctooer lU anu eeuruarv

19 8. Fieia testing in AiasKa las presenteu many ultticuitles,

foremost of wniuh nave oeen the foliowing:

ine sites of the fielu experiments nave oeen
Anchora6e anu Ueaunorse, Alaska, whereas tui major
participants in the project have been
neauquarterea in Uttawa, Canaua; Austin, lexas;

anu Palo Alto, California. Each series or rreia
tests thus required consiueraole cooruination admu
scheuuling, ana involveo a signiticant expense tor
travel, per uiem, etc.

0 The amount of uedicateu fiight time autnorriza tor
tais project was uxtremei iimlitu. AS a
practical matter, then, acquisition ot '11 6 nt nata
was largely constraineG by tne aVailaOility,
routing ana scheauling ot commissary ti16nts.
Flights to ueaunorse, Eor exaiiple, were intrqurnt
so that oata for the beaunurse monitor system are
quite iimiteu.

* Ihe environment in AlasKa is ntarsn. un two
occasions, tor example, externai electrical
proolems arsaoiea tne monitor station (OInce at
Anchorage, once at Deauhorse) anu negateu tlignt
tests tnen unuerway.

0 'The Differential Umega equipment, ootn in tne
aircraft ana in the grouuii stations, was instaiitu
for the specific purpose ot the uizrerentLiai uime 6 a
project. Consequentiy the equipmnlt was nut
operateG or maintainea auring tne ion6 perious
between tielo tests. As a resuit, eaclh series ot
fiela tests inevitably invoivea several uays ot
trouale-snooting ana repair oerore valiu
Differential Umnega tests coula be pertormeu.
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0 Ihe remoteness ot Alaska anu the lack of
sophisticatec repair ano uata reduction facilities
tor project equipment resulted in extensive oaeays
in effecting certain repairs and transcription ot
iata tapes. 1hese deliys ad a sig"litiCant
cumulative effect on the project scheaule.

In terms of useful ,ata, the two iflOSt important tield tests

tuck place during october 1980 and February 1981. it is

instructive to consioer these test sets separately, atter which

the general implications ot the results will be discusseo.

3.2 OCTOBER i980 FIELD TES'T

Field tests took place during the period October 16 throuh

October 24, 1980, and were conducted in three sets. The first
set involved Differential Omega navigation %hile the aircratt was
parked at a known location. Samples ot navigational soiutions

taken at ten-second intervals from the avionics were recorueu tar

fifteen minutes each on several occasions, yielding statistical

performance data at a fixed location free of the complications

associated with flight testing. 1he second set of tests

consisted of recording umega phase aata in one-miiute saiapies for

several days as received by the Deachorse and Anchorage
noitors. The measurement data taken from each monitor proviaed

information on diurnal variations in phase associated witn

regulir ionospheric behavior. Comparison of the phase oata

between the two monitors yielded intormation on range

accrrel az ion error far Ditferential omega. Ihe thiru set -t

tests took place curing routine flights of tne aircrart from

Anchorage International Airport. These tests yielded inrormation

on in-flight performance of Differential Omega in ter:,s ot

aiccuracy and maximum range ot the data link. It is instructive

to consider each of these sets of tests in aetail.

2 2



3.'.1 Differential Omega Ground Tests

the Differential Omega ground tests were pertormea as

tollows. The aircraft wa: parked on a pad at Anchorage

International Airport. The monitor computer at Merriii Fielu was

loaded with the appropriate standard phases. The system was

operated in the Differential Omega moae using correction oata
from the monitor at Merrill Field. Navigation solutions at the

aircraft based on ten-secono sampling perioas were recorued tor

fifteen minutes. The standaru phase values in the monitor

computer were then moaified to simulate a uispiacement ot tite

monitor two miles north of its actual position. len-second

samples of navigation solutions at the aircraft were again

recorded for fifteen minutes. The standard phase values in the

:nonitor computer were then modified to simulate a displacement of
the monitor two miles west of its actual position. len-secono

samples of navigation solutions at the aircraft were again

recorded for fifteen minutes. The three sets of measurements
were performed twice, once between 11 AI and 12 noon, and once

between 6 PM and 7 PH local time.

Figure 3.1 illustrates an example of the results obtainea

from the Differential Omega ground tests. 'ihe origin ot the plot

is defined to be the pad location, 610 10'22"N, 149 0 58'U6"%,

and the plotted points represent the navigation solutions

obtained during the tests. Ihe three groups of solutions

correspond to the three sets of standard phases loaded into the
monitor computer. The results shown in igure 3.1 are

representative of all results obtained from the Ditferential

Omega ground test.

Analysis of the results of these tests yields the following

observations:

ij Ranoom scatter of the ten-second navigation
siutions was about 0.25 nautical miles, 2-L)RMz
H1. Since the sampling rate was not adjustable,
there was no opportunity to investigate the
dependence of random error statistics on sawpiilne
period.
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(2) Mean error of the test uata was about U.5 nautical
miles eastward, 0..5 nautical miles northwaro.
This error is not attributed to Difterential
Omega. It is probable that the mean error is
caused by uncertainties in the assumed locations
of the monitor or the aircraft pad.

(3) Mean error at any single location can be zeroea
out by adjusting the stanuard phases at the
monitor. Adjustment of the mean error hau no
observable effect on the random error component ot
the navigation solutions for these tests.

North

A Magnetic

4North
/

3 ' NM North

7
2 /

2 4M West , /

3tandard

4est _,;,_•_____East

aut~ca1 Viles

Figure 3.1 Representative Results of Difterentiai Omega Ground
Tests, October 19, 1980. (Dasheu lines contain 951
of all data points.)
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.. 2 Monitor Pnase Cuvre~ation lestsL

ieceiveu omeva phaseLs at tne . erriii i-iciu an(, bVeianUrse1

muiLoturs wt:rt saiji~eu &flu recurut::d at oiie-mfi ute 1 iiterv~l i aearL

continuously t~r scveral aas during tihe eXperillivnt. ±eiia~u uata

a,, e, cli uftr * id . intjriaiun On l a) Lin6 -tUiU U17tL J.L te

monli tor frequencv Stanuaru relat ive to tihe staiurui Ut tfiC uiiI b.

trarismitte:r ntw or&, '.u) diurnai piase variations a55UciaLcu withi

regular ionospheric efrectcs, anti ic) the presence of phase

i,;jialI Ies WIthn ptr ious 6 rea cer tuiall onfi lin ut. In auuitiwi1,

comparison o t phases oetween the two monlitors y leluucoI~ itrliti ull

on the rangeC LCicurreCiation error Ot .RIfLle6 d nadvig at lun SOIUL Lulls

between the Ltu munitor locations.

I- igu re 3 .2 ill1ustLrates Z4 hours or phase ciata recurieti at

t hetz %i::r r 1 L -e IU (Al" Ueakior.su monitors . Lurvcs are: presentteu

tur si ,nais ait ,u.- kri anti 13.b Khz truii, stations A, tU, ani L).

z)ta ti iw ii. a t eiiurar i iy or i the air LIur i1i tllte:-e iieasuremieits.

Piiase is measureu muuulo one cycle anti cycie roiiovers are

retiecticons ui cuiitinuous phlas:e variations.

txa~iiincition ot i-iguve 32reveais Ltl LQioiiwr,~ Leartrs:

ll hert2 is great Similarity in tne Nross oehiavior oi
cu:-espooingsignals at iu.- &n- Lti L.).o iiz

altlhuugn tine structure appe.arS to oe uncorrejaei.

Uiuridi pliasc variations are moist PronolUicetU adL
mos~t rerular fram station u), anu i east pronounce"
anu iLeas>t regutLar LrO1li station" A. Tiiese
observat ions are cons istent with Lte tacts tnat
propa' ,aciun rrom U is esse;ntiaiiy tiruu~n
;iiaiatituutzs aion , a wieridian wYnere ionospiieric

uiavior IS oelii Denaveti anu uai ly solar zeiih
angle variations are large; whereas propabdtion
troill A IS tnrOU~h tnie polar cap wiiicn is iess
regular anti where uaiiy solar zenitri angle
variations are small.

(3 There is evitience or a slow i one-niait cycle per
uav) uritt in the pi~ase ot rtht euinorst trequelnc.
cstanuaru with respect to tfie stanuaru ot the umQ6a
trjaisiittr network. is eretis evIient t

ot1 1 lu.z r\tlz anti 13.0 Kliz. 11is is Ilot Li serious
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problem since the aitterentiai nature or te
navigation correction canceis tile siow urit~s
out. It uoes not Co.rresponu Lo a rrequenicy (ttSeE

ot roughly 3 x 10-10 in1 tile moni tor s tat Ion'Is
stanuara. vith proper maintenance tile stanaar" is
capaale or being set to +2 x iiZso This drift
woula not even te seen iii an operationai systeiii.
Any' uirift at ,ierrili 1ielo is rnucii smailer anu is
nc reauily oiscernaolte over a 2 4 flour periou.

~4 No prunounceu pflase aiiomaiies are eviuent at
either monitor. The uata Gio not permit tne
observation of pnaste tiuctuations witnl periouz
less than one wjinute.

Comparison oftile pnases receiveo at tac two monitors6 kcan

proviae information on the iecorrelation or Omega sienals oetweeni

the two monitors. ihe aegree ot aecorrelation is a uirect

measure of the utility of Litterential ummeea over tnte aistazice

between thle two monitors.

'tie uescription or range uecorrtelamion can De ap~r~a~fleU III

tile following way. auppose, using tile monitor at- 'ierriii kilziu,

one formei a aitferential correction trum signals at iu.Z Km-z

receivea from stations A ana C. Using a tornm or Lqs (4l1

through (2.3), one obtains

-~ -Ai ivi.1

wnerQ 0 is a aitterentiai Correctionl to the A-c LUP torfleu

at Nie rr 11.1 -ie io ana A AP1ai 6,, are o Dtaimieo trow zq. I,:.i)

as appiic to signals from stations A anu C, resp.ectivtly. Ilhe

riuIier refprtenteU Dy 5 A il w 111 D apeilet D> i navigatror as a

ifrerential correction to tfle A-c LOP formeu uy tne navi 6amor.

The navigator tnen expects that the correcteu Lu' wviil Dtc nearly

error-free. Tne A-C LOP can oe comnoineu witn twu otner LUPS InI

the navigator's computer to torm tne aesireu tiX. Let US )low

repeat tnet jrocess, using thle Ueaiorse monitor. e nave,

anaiogout. to Lquation (3I)

P _AP CP
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where subscript P reters to tfle Ueaunurse imonitor. Let ubno

i mag Ine a na vig a Tour no v er in6 uir e ctiy Q vet.r tiale uueauiio r bc mni t or

whon purports to navigate %,itn Litterentiai ume 6 a using eititer Lae

Nierrill Fieta corrections uescriueu oy L4 . ~.)or tne Ueaai~urbe

corrections uescribeu Dy hq. i32J Itntere were pertect

correlation oetween Mierrilii Pieiu u ueaunorse, tfle resuL

shoulo be indepenuentL ot wuuicn monitor is use", thus pertct

correlation imp1ples Lnat, at eachi instant or time, 6
ALP~ -

IA, he extunt or diisaereement Detween the two sets at
cifferential corrections is, theretore, a measure at tne lack at

Correlation between the two locationls anu may De uescrioeu as

range uecorrelation error ror the pair or iucations.

I1,gure 3.3 illustrates values or6 -6C, ALP 'ALM'j1 AIN

aU ano - S ta is, the uitterences between
corresponuing LOP corrections obtaineu at Ueaahorse anu vierriii

Fiela tar tt Ltree possioie pairs AL, Ali and Lio. The piottec

values may be interpreted as measures ot range ocecorreiatioi

errors; that is, the navieation errors one shoulu exp~ect near one

monitor while using correction values troul tut otner monitor.

Range uecarreiatian errors uetwe;en iueaohorse an" iMerriii i-ieiu

are seen to eXniuit tne toilowin6 ciiaracteristics:

L 6ross behavior is similAr DtLween iu.4' Kt-Z anu

~)A diurnal pattern IS eViU1tflt tar7 Uacn LuP, out tne
pattern is complJex anoU is not tae same tor ail

FheIn total rane i: uccurrelat ioni error Uservea
duri1ng the . 4- iaur pe riou i s les s than +uo. - c cs

S'+ Z N.IJ. I he mLaxiiauom excursion ot any LOP error
is about 0 .2 cycleS + Nii.

A'tnohOU_1 DeLmunrse anu Merrili Field are beparateu Dy aoout

SSu VM, which is a lauch greater range tnan is cunsidertu tor

Dit erent ial Omega valliity , thle results I "'Ab rateU Dy 1 6 ure

3 .3 suggest that even at th1s range , the1 accuracy, Juir eVaoie train
U1 t terC1t jld fIe~ dWOUd -Uoe comjh1),raole to tLiiat dcn1ICeeU 1 L11
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Figure 3.3 Decorrelation Errors Between Ueidhorse da
M\-errill1 Field Monitor Stations, October 23, 198U
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ordinary Omega, and since range decorrelation error is expecteG

to be roughly proportional to data-link range, Differential Omega

accuracy should be superior to ordinary Omega accuracy for all

data-link ranges less th..n 550 NM.

3.2.5 Differential Omega Flight Tests

Flight tests were performed to verify Differential Omega

operation and performance under actual flight conditions. The

flight tests provided information on two primary indicators of

performance; maximum range of the data link and accuracy of the

navigation.

Four round-trip flights out of Anchorage International

Airport were flown during the experiment, as follows: October

16, Anchorage to Galena to Anchorage; october 17, Anchorage to

McGrath to Anchorage; October 22, Anchorage to bettles to

Anchorage; October 23, Anchorage to Deadhorse; October 24,

Deadhorse to Anchorage. Table 3.1 lists the flights ana the

maximum ranges of the data link that were observeu. Maximum

range was defined in terms of receivea data link signal quality

according to an algorithm that measures error rate in the
differential correction data. When error rates exceeded a preset
threshold of 2.5 x 10- 3 , the differential correction message

was rejected and the maximum range of the data link was oeemea to

have been exceeded. Characteristics of the data link are

discussed at greater length in Section IV.

Table 3.1

observed Differential omega Maximum Range
in NM

DATE MONITOR OUTBOUND FLIGHT INBOUND FLIGHT

October '16 Merrill Field 55 107

October 17 1 Merrill Field 12s 151

IOctober 22 Merrill Field 68 103

October Z3 Merrill Field 44 ---

October 23 Oeadhorse --- No data

October 24 Deadhorse 198

October 24 Mer, lI, Ft d --- 147
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The results shown in Tabie 3.1 sug,ebt tue oLiiCowig:

[I) Maximum range ot tile uata link is varianoi u? a
factor of two tram uay to uay. since tne routes
ano times associateu witn trle tiligts on uctuoDer
lb, i7, anu ,'/ were similar, the iost il~ely
explanation tor tile uaily variation appearb to ue
the varying level ot P-static noise encounterc u>
tile airzratt. In tact, concurrenL measureiaLeits at

P-static in a collaterai experiment Sub6est
support for tnis explanation.

[2J The smailest maximum range ooserveu uurin6 tills
experiment was 44 NMi. there is no reason to
believe tnis tigure coulo not De improveu by uslig
higher levels ot mouulation at the monitor NUD or
by means ot other changes aesigneu to optimize tile
performance of Ditferential omega.

3) There is a strong inuication ot a non-unitorm 6aini
pattern in the beacon antenna ot the aircratt.
The ratio o average waximuii range on inbounu
flights to average maximum range on outbuunu
flights for the tliguts on uctooer io, l7 anu 2Z
is aoout 1.4 ano suggests a tront-to-Oack rain
ratio of 3 ab in the aircraft antenna pattern.

Measurements were maue to oetermine the accuracy pertuuwance

of Differential Omega auring the tlgrnts ot uctouer lb- 4. lik

technique useu was to recoro simultaneously samples ot uiM

measurements anu navigation outputs ut tile uu iea 4 ujipmilti. U mL

measurements were ot slant range tram tne aircratt to tue uL

transponaer being interrogatea by tne aircratt. ujJM accurac. is

consiuereu to be about one percent ot tne range Ieing muiasureu.

The accuracy measurements were niampercu by several prouiems

in the aircrat. First, data troi one ot tri two wuL ,ailvu

consistently to recoru properly, tnus Lieterminiations ot oeba

accuracy could only be mace aiong the uirection aerineu Dy tile

other D, i neasuremtrnt. aeconc, true airspeeu uata tram the

aircraft to the umega were not available tar this experibient.

True airspeeo is an essential input to the omega system, alu

missing or incorrect aata cause si5 niticant error in tie

navigation solution. in the absence oL the noruia true airspeeo

s,.gnal, tills essential input couli De pruviueu only 0) et;,A-i i
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an estimated value through the front panel controls of the Omega

rece i ver.

During the analysis fol lowing the experiment, only two cases

Were found in all the recorded flight data where keyed-in

estimates appeared to be reasonably accurate. Figure 3.4

illustrates navigation performance of Differential umega for

these two cases, "here the plotted values represent the component

of Omega error in the direction defined by the DE measurement.

The results illustrated in Figure 3.4 suggest the following:

(1) In both cases, the only measured components of
navigation errors are along track; that is,
parallel to the flight path of the aircraft.
Along-track navigation performance of airborne
Omega is more -ensitive than cross-track
navigation performance to errors in true airspeea
information. The results displayed here are thus
conservative with respect to two-oimensional error
performance of Differential umiega.

(2) Both measurements indicate a nearly monotonic
increase in error with increasing range from the
monitor. This treno is consistent with the
results obtained by others [5) and illustrateo in
Figure 1.1, although the magnitude of error in the
present experiment is considerably larger than
that observed in earlier work.

3.2.4 P-Static Noise Cancellation Tests

buring the (O tober 1980 flight tests, a special experiment

was performed to test a proposed method for proviaing

c:incellation of P-static at \ILF. The P-static experiment was nut

an integral part of the Differential Omega tests ano was

performed on a non-interference basis. Appendix U is the Final

Report describing the results obtained auring the experiment.
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Ielj tests were canclucteal netween ~Four iu~

Feb rua ry ljij Inc t irst tnree uays were spent trouniesrIIoutin6

ainu repai1r i ii eLuipmlent proolemns. Iiie tirst iuirteruiLiai oiitesa

f [ it tet't tile series touKt'. Lace aJurl.n1 d Cu1i,6i5at
frrnt Anchora~e to Nif, baiiia. UnIartunlate.iy, al iietrLi'cal.

transient in tile srounu station Puwer source uisaiDieu tite oeacoin

transmuitter shortly alLter takUot L train rxnCforaae, thIus lle~atL.11

an>) Differenltiai UlHIega; res:ulS tliat nkiiit otierwltt iia~t Deen

un27 Februarv aniotner Iii iht test o. vi rttereiit iaJ uiiie , was

attempted. 'Ine tilght onl _,7 1eoruary was enltirely dedicated;

that is, Difterential ineia test was tile uniy purpose trtne

Ihle test piln was ru trl i r o Ancllora t to riomer us in 6 tile

Kenai ano Homer uML; signals tar rererences wniiie pertoains area~c

naviga).tion cnroute. Arter arriving at h-omer, the plani cailco tor

flying, a series or non-precision approach routes incluuine,

PrOCeclure turns ainu fiyiing accuruin8 to tile lL ) icaiizer uetmi at

ioier

Ine uata iinK cuntalneu si~nificant star.ic anau tlnaii

Decaine unusaDle at aDout 00 Miles out at.knnrre n tiuibilt

proceedled to rolwner aflo attempts were mllake to recuver tile Ldata

link but witnout success. Ihe aircrait tnenr pracceued to b1 6

I-iKe wtiere tile uaza inK .as recovervu anu" wntzre severai

~i~aiitue vet~intoa tile umL antennai weru conucLted . 1)

thInis t 1ine L me .~a t i ier n ia u c icta re L sui i. i1c ien iy t:o pet:r m i t

w - alIt it u Le tli i it at:i near D, tlaienuorl Air Force base. aevera~i

L. approacnes were then ri noil toie IaCLAIizer UeanIl at tlikendur r

and a .oisparisuon was mauc Detweenm uj,%L reaaini-s and Diiterenilai

arW, reaui171' ;sus in16 tnle U,'qL antennia CaIocateu wii tlI th tiii~eldalr L
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Figure 3.5 illustrates the to.-aimensionaI results ootalned

during the flight from Anchorage to Homer. In Figuie 3.5, the

tips of the arrows represent the aircratt positions oettrminea Ib

DNIE measurements from Anchorage, Kenai and Homer. Ihe oases ot

the arrows indicate the umega-infecreu position of the aircralt

at corresponding times. It can be seen that the Differential

Omega error at 2209 GMT was about 5 NM Lif we assume that the uNiE

readings were error-free) and that the Differential uinega error

decreases monotonically with time until 2219 GM'1 when the

apparent error was less then 0.1 NM. At 2219 GM1 the oata link

w~s lost, and Figure 3.5 indicates that, upon losing the data

link, Omega accuracy degraded immeoiately.

The reason for the observed behavior is believed to be the

combination of two factors. First, the Tracor 7620

Receiver/Processor has a convergence time of about 2U minutes

after utilization. Secondly, just betore takeoff from Anchorage,

the system lost power while switching from a grouna source to

aircraft engine power, ana so the processor hau to be

re-initialized after starting the aircraft engines. Since

takeoff at about 2200 GMT took place immediately after starting

the engines, the Omega solution had not completely convergea by

2209 GMT when data recording began.

The most uefinitive measure of Differential umega accurac'y

performance occurrea during flights of the aircraft along tne

localizer beam at Elmendorf AFB. The Elmendort localizer beam

provides gui aance for a low-altitude tight path orientec at

550 magnetic (8O true) with respect to north. Even in tie

presence of cross winds, a skilitul pilot can maintain a

cross-track error of less than 200 feet with respect to the

center of the beam. In the present case, the aircratt maintainea

a cross-track error less than 150 feet curing each approach aiong

the localizer beam. Following the first ana ana seconu

approaches, the aircratt proceeded in a counter-clockwis

direction tu intersect the beam again.

3S
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Figure 3.5 Two-Dimensional Differential umeba Errors During
Flight from Anchorage to homer on Z7 February isl
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-igures 3.6 anu 3.7 illustrate tnt results oot~ineo iuriii6

the secona ana chira approacnes alony, r-t LlmiovL loca.izi-

beam. In these figures the tips ot the arrows ies, riote Et.:
location of the aircratt at various tImes as tueterminteu UY

localizer ana IACAN. 'Ihe square uots at toue odses ot cflk arrowt

uescribe the bifferential ume-a solutiun6 ootaineu at thie ~

The results iliustrateu in kigures 3.6 anu ).7 inuiicate tEi

1) The nagnituae of navigation error in Ltnc uirrerciitiai
Omega solutions varlea troiw aoout i.S N,., to aoijt
0.25 NA aurin- each approach along the oeam.

(2) Pertoriuance of the Difterentiai umera systema was
repeatable on successive approachtes.

(3) Uifferential umega position solutions ouring, a typica.
approach can oe cnaracterizea oy a position overbnout
of about 1.5 NMfollowea by a mhonotonic aecreat-e in
error with an effective time constant ot aoout twu
minutes. The position overshoot oegan as tite aircrart
executed a procedure turn counter-clockwise to ehiter
the path of the localizer beam.

(4) A rancom error component of about (J.45 Niv 2-irC~iz
appears to oe superimposea on ttid tranisient responsbe
noteu in (3).
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IV. UI6CU66uN

The flight tests of Uctober 1YU ana ieoruary iY?1 nave

providea answers to many or the questions tuar were stateu ar tne

beginning of this project, as well as to some 4 utstions that 6ere

probaoly not consioerea. It is instructive to pose two Droau

questions here that have been implicit in this project tromi the

beginning, ana to consiuer how the results ot this errort answer,

or fail to answer these questions. The questions are:

(l) What was the performance of the bDiterentiai omega
system that was testea in Alaska?

12) What is the achievaole pertormance of Uitferentiai
omega navigation in Alaska?

The first question, has been answerea, to a large extent, by

the test results aescribea in 6ection Ill. The pertormance

parameters measurea auring the fieic tests were navigationai

accuracy, cata-iinK range, transient response ana system

reliaoility.

Navigational accuracy for the existing system has touna to

be characterizeca y a ranuom error component or aouut u.. .

Z-*RM5 W'J0, unaer iaeal conaitions; tnat is, with a stationary

navigator within 6 NM of the monitor station. Unuer cono(itions

that incluoo low aitiruoes, a snort cata-hink range ana

proceoure turns, the total error appearea to be cnaracterizco uy

a transient error component witfl a 1.5 Nivi peak anu a z-,winute

decay time constant, along with a steauy-state ranuom component

of aOout 0.25 NMV, Z-LJRMb.

These results are of the form preaicteu theoreticaiLy iUJ "n

terms of the polarity of th overshoot ana the time constant or

the recovery following a maneuver, however, the inagnituue or tne

overshoot was much larger than has been preaictea. The

theoretical precictions were basea on computer simuiations ut

iaeali~ea conaitions anu uio not incluae the ettects ot tilte

41 Pka6Q DJJM PA AAh NOT 12 a =
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signal-to-noise ratio ano instrumentation error. It shouia oe

pointea out that the transient benavior ot tne system toiiowing

an aircraft maneuver shoula be the same whether the system is

operating in orainary Umega or Ditterential omega. In otner

worus, susceptability to aircraft maneuvers is not a

characteristic that is specitic tj Ditrerentiat uhiega, aitflu~n

transient etfects are potentiallyv quite important wnerever ftign

accuracy must be maintaineu continuously uuria6 soILLC perioci, su(fl

as during a non-precision approach.

There are several plausible reasons for tne large oversiuot

that was observea, incluaing lags or errors 111 the aiaing6 irkkuts

(true airspeec ancl heauing), anu lags or errors in the tracKiu6
loops or navigation filter of the Umega receiver. The iiiniteu

data uo not permit a aefinitive analysis ot the reason tur tne

position overshoots following maneuvers. however, since

preaicteu benavior kbi containei mucn smaller oversnoots tiuan

were observea, it is likely that the observeu oversnoots resuitea

from a system malfunction rather than troin a uesi 6 i

characteristic.

Data-link range was observea to vary trom 44 Ni to ilb Nivi,

depending on the level of raciio noise ana thle orientatiun of tale

aircraft antenna. The small sampie size uoes not permit a

probability of successful signal reception to be assineo to any

range, although it is obvious that in most ot 1ne cases observeu,

the effective range ot the aata iink was Itess tuan will ue

required by an operational system. In oruer t-nat uata-iLinK ranbie

not oe the litaiting factor in any practical appiication ut

Differential Uniega, it seems titat reliaole aata-iin& range bnouij~

be at least ZUU NM~ at all times, wnicn is a ractor or: neariy- tivu

ov.er Lhe smallest range limit ooserveu auring the tests.

bata-linK range can certainly be imnpruveci over tuat

observea. Available techniques for improving uata-linK range

incluce increasing transiiter power, iincreasin& moauidtion i'tvei

on the siue-tone, aecreasing the link uata ratt, ana pr~viuin6
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software such as error-correcting codes) that is more tolerant

of bit errors in the data.

Probably the most powerful anu cost-eitective technique tor

increasing the range of the data link is to reduce the link data

rate. The present system sends a complete, 40U-bit errur message

every 10 seconds. The data are sent at 125 baud so that

transmission of a complete message requires 3.2 seconus.

Studies [91 and observations ot Omega phases curing these

tests both suggest that update periods of up to five minutes are

adequate for accurate performance of Difterential Omega. it the
data link were reconfigured to provide one update per 100 secunus

at 4.0 baud, the required bandwidth of the link could decrease by

a factor of 31.25 yielding a range multiplication ot S.6. It 6e

take 44 NNM as representative of the existing reliable uata-iink

range, then the suggestea change would provide a reliable

data-link range of greater than 245 NM~ with no signiticant

sacrifice in system performance. Furthermore, baseband circuits

supporting a 4-Hz data stream can be designed to operate at

subcarrier frequencies as low as 30 Hz. Systems can be cesigneu

that will simultaneously accommodate a 30-Hz telemetry signal anu

a normal audio (voice) signal [10]. The implication of this tact

is that if the Differential Omega data link were recontigurea as

suggested, then it would no longer be necessary to disable

weather broadcasts from a beacon transmitter when the beacon is

to be used in suppoit of Differential Omega, thus removing one oL

the minor irritations experiencea during the tlight tests.

System reliability is related primarily to outages caused by,

the loss or malfunction of any of the system components. During

the Uctober 1980 tests, the beaahorse monitor experienceu an

outage of several hours duration and Transmitter H kJapan) %,as

off the air for several weeks. During the February 1981 tests,

the Anchorage monitor experienced an outage of several fours.

both monitor outages caused a complete loss ot Uitferential uiesa

during test fLights.
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Reliability can be increased through improvec aesign,

improved procedures and system reaunuancy. The Deadhorse outage

resulted from the accidental cutting of the cable connecting the

monitor receiver ano the beacon transmitter, about iUU iiiters

away. This type of problem can be mitigateu either oy -oIucating

the receiver and transmitter or by providing bvttvr protection

for connecting cables. The Anchorage outage resulted from a

transient in municipal power that caused the program in the

receiver processor to crash, with no permanent uamage. In any

permanent system, it should not be aitficult to pioviue isolation

between line power ana processor sottware.

There is always, in any system, the possibility of tailures

that have not been anticipated as well as the requirement to

deactivate a system for routine maintenance. Offsetting this

problem may require a geographical distribution of monitors so as

to provide a redundancy of data links. Swanson [4] has pointed

out that a redundant distribution of monitor stations also

permits increased sophistication in the differential correction

algorithm that will decrease range decorrelation error

significantly. Monitor redundancy did not exist during the

Alaska flight tests so there was no opportunity to evaluate tthe

benefits of such redundancy. Nevertheless, in any future

evaluation of Differential Omega, consioeration shoulo be given

to relocating one or more of the monitors to provide reaundant

coverage over some test area.

The ooservea performance of the present system proviues some

insight into the achievable performance of Differential Omega

navigation in Alaska. The most fundamental limitation to

navigational accuracy of Differential Omega appears to be range

decorrelation error, at least at longer ranges. At short ranges

from the monitor, steady-state navigational errors can be reaucea

to a level no greater than about 0.25 Nm.

Convergence time of the Tracor 7620 following initializatiozi

seems inconveniently long for use in many general aviation
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applications. It should not be necessary for an aircratt to

start the engine(s) twenty minutes before every takeott merely t,,

assure accurate navigation. It may be appropriate to design inzu

any operational avionics a special standby moue tiat enables the

system to track signals with a minimum power arain. In aotit ,li,

any operational system should include a fail safe design that

will insulate the receiver/processor from briet uutaves or

transients in aircraft power.

The observed transient response ot the Iracor 7620 Loliowing

aircraft maneuvers was not satisfactory. The FAA recognizes the

inherent problem of overs'oot in area navigation systems [1li anu

suggests that pilots anticipate course changes by one mile tor

each 100 knots true airspeed in oruer to mitigate such ettects.

It is clear, however, that even using such procedures, the

observed accuracy of Differential Omega navigation under the

circumstances of the February tlight tests would have cegraued

for a short time following aircraft turns. Ubviously, transient

behavior of Differential Omega is an important consideration tor

any operational system.
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V. CONCLUSIONS AND RECOMIENDATIONS

The overall objective of this project has been the

development and evaluation of a Differential Oinega systtm. '.Iost

of the fielu testing has taken place in Alaska anu some ot the

results that have been achieved are indicative of the particular

nature of the Alaskan environment.

Taken as a whole, the flight test results do not reflect the

performance of a fully developed, operational Differential Omega

system. However, from the results that were achieved and trom an

understanding of the nature of the imperfections that were

observed in the system performance, one can deduce the potential

performance of Differential Omega for airborne navigation in

Alaska and can establish the major design requirements tor an

operational system.

The results suggest that Differential Omega can proviue

reliable operation and improved performance for cata-link ranges
at least as great as 200 NM. At very small ciata-link ranges,

accuracies approaching 0.25 NM 2-DRMS are achievable. Accuracy

should degrade slowly with increasing range.

The results also suggest that Differential Omega, when

properiy implemented, can meet requirements for terminal

operations and non-precision approach as well as for enroute

navigation.

The flight tests of the prototype system have yielQe

valuable informatioa on the major characteristics and design

oarmeters that will be required by a fully operational system.

The required characteristics that have been iaentiiiec can ce

summarized as follows:

ll) Monitor stations should be geographically
distributed so as to provide redundancy for all
rotential users. The monitors themselves shoulu
be designed to be highly immune to transients or
outages in line power.
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12) Differential corrections shoula be upuateu about onct
every 100 seconas. uata rate nteu be no greater tian
about 4 hz. A iouulation methou snoulu oe auopteu such
that telemetry anc voice can De oroaacast
simultaneously from tne bt Deacon transwiutcr.

13) \onitor stations in Alaska shouia process aitztrential
corrections only for ume-a signals trowa A, L, anQ Ii
ana at frequencies ot lu.2 k-z anu i3.o Knz.

(4) Transient performance requirements for area navigation
systems have not been clearly specitieu oy tne i-AA.
Nevertheless, the transient response ot the uo ra
receiver uses in the AlasKa tests was clearly excessive
for nonprecision approacn. 6ince overshuot is an
unavoiaable characteristic ot most area navigation
systems, acceptable levels ot transient performance
should be specified in oraer to establish uesign
criteria clearly for future systems.

(5) Airborne Omega receivers shouiu be cesi6nea to inciuue
a "stanaby" moce in which umera signals wili be tracKed
and processed, ana navigation solutions computes at a
minimum power arain.
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APPENDIX A

DIFCERENTIAL (7RECTION '!ESSAG FORMAT

Length 40 bytes

Information 7 bit ASCI:, even parity

Byte Data Byte Data

I ASCII 5 21 MS Part Correction Station 3
2 ASCII 1 2: LS Part Correction Station 3::.£

3 ASC- '-IS Part 3orrection Station * .
4 ASCII Z LS Part Correction Station 4 '-7.
5 ASCII 0 23 MS Part Correction Station 3 11.53

6 ASCII 0 -6 LS Part Correction Station 1 1>3
ASCII 0 2- M Part Correction Station 2 11.33

3 Station Identifier :3 LS Par: Correction Station
ASCII 1-3

9 MS Part Corectior f M Part Correction Station 3 11--Z
Station 1 an:

10 LS Part Correction 3L -S Part Correction Station 4 11.33
Station ' 10.:

I, L S Part Correction 31 MS Part Correction Station 4 11.33
Station : 13.:

I: LS Part Coreco art Correction Station 4 1.3
Station : il.:

1 I Part Correction Usabe S:ations- 33.2

Staio . -- I Ija

i4 LS Part Correctio.na~ Stations,-: 35.5ZStation

15 MS Part :orrection 30 Jsabe 3tationsA-C :3.6
Station ' 

a. E

LS Part Correction Usabe Statio,!-H .

Station 3 13.6

-" MS Part orrec:ion 3 " sabe Stationsc-' : .;
Station 1 13.6

18 *-S Part *orrec:;on Usable Stationsu-m 11.3
Station 1 13.6

!9 mS ?art -orr ecti on 3? Ch eC.k sum
Stati..n -; I .

:0 LS Part Correction 43 2hecks um
Station - 15.6
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APPENDIX B

SYSTEM INTEGRATOR FOR OMEGA NAVIGATION SYSTEM

The System Integrator for the umega Navigation System

receives a demodulatea subcarrier from the ADF receiver, uetrcts
the data, selects the appropriate data for the system anl sends

the data to the Omega System. The software functions requireu in

performing the system function are:

0 convert the input subcarrier to digital samples

0 track the phase of the subcarrier

0 detect the presence of the subcarrier
0 detect the timing of the digital modulation on the

subcarrier (bit sync)

0 detect the data

* detect the data heaaer

* select and reformat the data for the Omega system

0 output the data to the omega System

An executive program is required to control the

subfunctions. The executive is initialized every 8 ms except

when preparing an output message. The executive programming is

interrupted every 1 ms by the interrupt program to input and

store a data sample and to output data. The samples are

processed every 8 ms by the executive program.

The operating modes for tne system are aefinea in Table 1.

Communications between the software mocuies take place with the

control codes. Table 2 lists the counters used by the mooules.

Figure 1 shows the executive software.
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Table 1 uperating Nodes

MODE CONIROL CODE OUTPUT MODE TRANSITIONS

<- E-

0 0 0 0 2 - - - -

2 0 0 01 x -13 - -

3 0 0 1 1 x I1-2-

S 1 0 0 0 x x S- - -- 1
61 0 0 1 x x 46 -- 1

1 0 1 1 x x 4-S -

Mlode 3 is normal operating mode

Modes 1-2 are acquisition modes

Modes 4-6 are reacquisition after message has been
received

Mode I Subcarrier is not detected; data nave not
been received recently.

Mlode 2 Subcarrier has been detected; bit synch has
not been established; data have not been
received recently.

Mode 3 Normal operating mode

Mode 4 Same as with 1 with reacquisition

MIode 5 Same as with 2 vith reacquisition

Mode 6 Same as with 3 with reacquisition

B2



Table 2

COUNTER INCREMENT RANGE MODULE U6AGb

Interrupt i Interrupt Interrupt Usea to reinitialize
Input 0-8 executive ever>
Counter eighth interrupt

Interrupt I Interrupt Interrupt Used to output a bit
Output 0-10 every tenth interrupt
Counter

Output Bit 1 Bit Interrupt Counts bits to De
Counter 0-8 output

Output Bit 1 hord Interrupt Contains current word
Counter 7F-FC to be output

Signal De- 8 Millisecond Subcarrier Used to count oft 0.,
tect Counter 0-12 Detect sec

Bit Counter 1 Bit Bit Processing Usea to mask off input
Executive or parity
0-9

Character 1 Character Bit Processing, Used to keep track of
3F-67 Character, current character

Processing
Executive

Hold Timer 8 Millisecond Hold Processing Used to couit ott
0-8 Min eight minutes since

last message was
receiveu
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SUBCARRIER PHASE TRACK

A combination of hardware and software is useu to adjust thu

sampler to take alternate samples on the peaks and zero crossings

of the subcarrier. The hardware portion is shoin in figure L anu

the software flow diagram in Figures 2b and 2c. An analog

equivalent of the phase tracking system is shown in Figuie 3.

The sampling process provides alternate samples three-

quarters and one ana one-quarter cycles apart (see Figure 4,.

The change of sample timing is accomplishea by adjusting the

count of a preset counter (see Figure 5).
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PHASE 
SC

TRACE

I ZERO ERROP
(E=O)

jA= SAMPLE ADDRES

fDECRCRENT

j ADO SAMPLE SUBTRACT SAMPLE

SAMPLE ADDRESSJ

TIME CORRECTION
ERROR/S

TIMING 1750 + F

FIGURE 28. SUBCARRIER PHASE TRACK.
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~COMPUTE SMOF THE MAGNITUDES
OF THE INPHASE SAMPLES

COMPUTE TWICE SUM OF

THE INPHASE SAMPLES

INCREMENT SO
COUNT

~UT THEN HODOLA

NO 1 1 0 300NO

Y S E SUBCARRIER
DETECTED FLAG

F OAIT= SIGN1

[ S DCOUT 0CRR

I

RETURN

FIGURE 2C. DETECT SUBCARRIER
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SUBCARRIER
I UTPHASE QUADRATURE - MLILE

DETECTOR INPHASE DATA

90" PHASE
SHIFT

FIGURE 3. ANALOG EQUIVALENT OR PHASE TRACKING SYSTEM.
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SUBCARRIER DETECTION

The presence of the subcarrier is detected by comparing the

amplitude of the in-phase component of the signal to the

quadrature component. Since the carrier is phase reversal

modulated, the magnitude of the samples must be evaluated.

The magnitude of in-phase and quaarature samples is

integrated for .4 seconds. At the ena of the time, a signal is

considered to be present if the in-phase sum is twice as large as

the quadrature sum.
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-- 3

TVIING CONTROL

1. Divide number of usec between samples by two.

2. Convert the results into three IbCD aigits - a, b,

c, and a remainuer r. r may be 1 or U.

3. Output i is two BCU uigits - b, c.

4. Output s is the thiru BCD digit ana the
remainder rxxxx, a.

Example:

Output: 1751 sec

2 1751 Vi-gg r=1

Output 4 = remainder is most significant bit 8 8
1000 1000

Output 1 75
0111 0101

Test program useu to check timing.

ADD INST COMUINIE NT

00 71 0IS Disable Interrupt

01 00 X = U P = 0

02 61 OUR1 Output 1 75

03 75

04 bS OUTS Outputs 88

0S 88

06 00 IDL lale

Figure 5
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BIT SYNC (PART OF INTERRUP'I)

The analog equivalent of the bit sync process is shown in

Figure 6. The in-phase samples are amplituue samples ot tnu

filtered data wave form. The fiitering is pruvoeu by the

hardware subcarrier band pass filter. The filturtu wavt frrni is

rectified and multiplied by double the bit rate reference. The

resulting wave form has a zero average value when tne reference

phase has a zero crossing at the Oit transition time anu a

positive or negative average value when dispiaced trom thl-'

timing. The average value of tne rererence times the lagnituue

of the in-phase samples is examinec to determine if a discrete

change in timing is requirea. The software flow diagram is shown

in Figure 6b.
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IBIT BITI BITj BT~ BIT BIT~ BITJ BITJ BIT TIMES

1_ 0 _-L -0BIT VALUES

MANCHESTER CODING

FILTER WAVE

MAGN ITUDE

MAGNITUDE-AVE (M6)

Jlml~uuuuuuul=REFERENCE

-4FL ERROR

RE FERENCE

JV~L ERROR POSITIVE

fl~l REFERENCE

~Ar ERROR NEGATIVE

FIGURE 6.
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BIT PkOCESSING

Each group of 8 samples represents I bit oL I cnaracter ot

the input message. By comparing the sign ort the last bazp±e

received and polarity for this group of sampies, Lhis moauie

oetermines the value of the bit. If the sigl CA th >mple ano

polarity are the same, then the bit is a 1; it they are

different, the bit is a 0. The routine after ueterniinin6 tne

value of the bit stores it in its proper place in the input

message. The software flow aiagram is shown in Figure 7.
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CHARACTER PROCESSING

In order to identify an input message properly, the first

two characters of the message must b; cnlececL to see if they are

ASCII Si. If the first two characters are nut Si then the first

one is discarcied and the program will continue checking for SI.

When S1 is found, the message processing flag is set. in

addition, each character is checkec for a parity error. If one

is found, then the parity error flag is set. See Figure 8 for

the software flow diagram.
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CHR.CONTT

CHARACTERH
ROCESSINGP S F

IN PROGRES

HR 8 CHARACHAR. 
COUNTER

SNOSET PARITY

ERROR FLAG NO

CHAR. COUNUNT1

,~~YESCAR1=CAR2 I

SCLEAR PARITY ERROR

FLAG AND SET MESSAGE
PROCESSING FLAG

FIGURE 8. CHARACTER PROCESSING

B20



MESSAGE PRUCESSING

This module takes the 40-character input message, checKs the

check sum, converts each character from ASCII to HEX, finas the

usable stations and puts the usable stations and their respective

phase correction in the output message. Upon completion of

message processing, the message ready flag is set and the hold

timer is initialized. If a parity error were found during

character processing or the check sum were in error, then the

message processing flags are cleared, the format of the input

message is shown in Table 3. The phase corrections (clharacters

8-31) are the ASCII equivalent of the hX digits of the signea

binary numbers representing the phase corrections. The usaole

stations (characters 32-37) are the ASCII equivalent of the HEX

digit determined by assigning a 1 to each usable station.

Characters 32, 34, 36 indicate which of stations A, B, C, ana U

are usable and characters 33, 35, 37 indicate which of stations

E, F, G and H are usable. The check sum is the l's complement ot

the sum of the HEX bytes derived from characters 2-37. It is

transmitted in ASCII also.

The format of the output message is shown in Table 4. The

usable stations are represented as a lo-bit word with the 8 least

significant bits representing stations A-H, respectively. A i in

the bit position for a station means it is usable. The phase

corrections are signed 16-bit twos complement integers with a

range of 255 x lanes x 10-2 to -255 x lanes x 1 "  Setting

the least significant bit of word 37 signifies that the message

is ready. the check sum word 38 is the l's complement of the sum

of words 2-37. Figure 9 shows the message processing software

flow.
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,ART MESSAGE
PROCESSING

PARITY ESf ES
ERROR FLAG

SET

:40

INPUT 40
MESSZE CHECK
SUM CORRECT7

40ES

SET MESSAGE IN
PROGRESS FLAG

GET USABLE STATIONS
FROM INPU

CONVERT ASCII
70 HEX

PUT USABLE
STATIONS IN
OUTPUT MESSAGE

4

0 RRES PONDING TO ALEHA E CORRECTIONUSABLE S 7ATION FROM
T 
P 

SINPUT MESSAGE

COVERT ASCII
TO HEX

PUT PHASE CORRECTION

'TINPROPER LOCATION IN
TOUTPUUTPUT 4ESSAGE

SET MESSAGE READY FLAU

IANO COMPUTE CHE

4
ET :40LO 400E.

]LEAR 10 L 0 TIMER

CLEAR MESSAGE ;LAGS,
ICLEAR ",,NpuT MESSAGE

c D
;:7GURE 7. 4ESSAGE MCESSING.
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Table 3

CHARACTER FUNCTION

0,1 zi Heauer

2,3 byte Count

4,5 Identification

6,7 Identification

8,9 Station 1 10.2 Phase

I0,1i Station 2 10.2 Phase

12,13 Station 3 10.2 Phase

14,15 Station 4 10.2 Phase
16,17 Station 1 13.6 Phase

18,19 Station 2 13.b Phase

20,21 Station 3 13.6 Phase

22,23 Station 4 13.6 Phase

24,25 Station 1 11-1/3 Phase

26,27 Station 2 i1-i/3 Phase

28,29 Station 3 11-1/3 Phase

30,31 Station 4 I1-i/3 Pnase

32,33 10.2 Stations

34,35 13.6 Stations

36,37 l-i/3 Stations

38,39 Check Sum
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Each two bytes of the Canadian message are retormatteQ into onv

byte to aecoue the message. For instance, if words 9 anu 10 were

46 (ASCII for F) and 41 (ASCII for Aj, respectively, then the

correction to be applieo to the first usable station of frequency

10.2 would be hex FA.

Also, if words 33,34 were 34 (ASCII for 4) and 45 (A)CII for Ej

then the usable stations would be B, C, D, G,

H G F E D C B A

4E = 0 0 1 0 0 1 1 1 0

The checksum is the 2-byte ASCII equivalent of the 1-byte numuer

which when added to the sum of the other bytes, excluding the

header, will equal FF.

For instance, if the sum of bytes 2-38 is 83, then byte 39 wouid

be 37 (ASCII for 7) and byte 40 would be 43 (ASCII for C).

The listing for the test generator program has a table of

numbers, their ASCII equivalent ano their equivalent required by

the output program. The easiest way to compute the checksum is

with a hex calculator if you have one.
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Tracor 7620 Omega Navigator:

This receiver has been modified to accept the differential

signal and process it to correct the Omega position information.

Information on operation of this equipment may be found in

Omega Navigation Equipment, Operation and Maintenance Instructions,

OM-401-235-1, Tracor, and Differential Omega Field Test Operator's

Checklist, SCI. Diagnostic messages are stored in several

memory locations within the 7620. These may be used to determine

probable sources of difficulty in troubleshooting the differential

Omega system. The memory locations may be accessed using a "99"

test (Direct Memory Access) described in the maintenance instruc-

tions. Several useful memory locations are given in Table 5 along

with the significance of their contents.
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Table 5: 7620 Diagnostic messages

The memory locations and messages below are accessed in a "99"

test and are given in octal notation unless otherwise specified.

Location Significance of Contents

3115 Sync confidence. Computer resets it to 200.

Increases 20 with good header, decreases 30

for bad header, increases 30 for good check-

sum, decreases 40 for bad checksum. Maximum

is 377.

3113 Bit sync confidence. Starts at 100.

3104 If a 010 is stored here the 7620 initiates

resync and ignores checksum errors.

3202 Differential stations OK (information gotten

from integrator message). A "1" in the

station's position indicates a useable station

e.g. A B C D E F G H 2618
1 0 1 1 0 0 0 1

A 261 indicates that stations A,C,D and H are

useable.

0277 Differential Deselect. This shows the stations

being used by the 7620.
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APPENDIX D

FINAL TECHNICAL REPORT

DIFFERENTIAL E-FIELD NOISE-CANCELLING ANTENNA SYSTE4

1. 0 SLUItiARY

Limited flight testing of the Differential

E-Field Antenna System, designed to provide cancellation of

precipitation-static interference in airborne Omega applications,

has been undertaken with the experimental equipment installed in

the FAA Convair 580 aircraft (tail number N90) at the FAA

facility, Anchorage, Alaska. Test results from brief periods

of operation on two available flights were basically inconclusive,

although some reduction in precipitation-static interference

was qualitatively observed.

The first part of this report describes some

observations and conclusions from the preliminary flight testing.

A description of the experimental system is given in the subsequent

section.
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2.0 FLIGHT TEST RESULTS

Operation of the noise-cancelling, differential

E-field antenna system was limited, due to higher priority

of the primary Differential Omega task program, to brief inter-

vals during two flights on October 17 and 19, 1980. The basic

problem on each of these flights was poor signal reception on

the lower antenna (refer to Fig. 1 and Section 3 for a description

of the system configuration). Clean, strong Omega signals were

normally receivable from the upper E-field antenna (mounted atop

the fuselage at station location 550). However, measurement

of relative Omega signal strength (using strong Hawaii Omega

as the reference) showed that the signal from the lower antenna/

preamplifier was some 10 dB weaker than the same signal from

the upper antenna/preamplifier unit. In addition, the lower

antenna/preamplifier indicated a 3-4 dB higher noise level

(implying an overall degradation in signal/noise ratio of perhaps

13-14 dB for the lower antenna). These measurements were made

by observations of the relative signal level and noise level

meter readings with the Omega Noise Analyzer (ONA).

The poor signal/noise reception characteristics

of the lower antenna unit could also be confirmed by earphone

monitoring of Omega signal quality. All three on-the-air

Omega stations (Norway, Hawaii and N. Dakota) were clearly

audible (at least during non-precipitation static conditions)

from the upper antenna; however, only Norway or Hawaii was

audible with the lower antenna.

This gross inequality in signal reception between

upper and lower antenna units made it impossible to obtain a

good noise-cancelling null. (Cancellation by the differential

antenna concept requires nearly complete correlation in noise

components receivable at the separate upper and lower antenna
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antenna locations. Uncorrelated noise, if present, simply

cannot be nulled).

Several steps were taken in an attempt to isolate

the source of this interference. The individual preamplifiers

associated with the upper and lower E-field plate antennas

operate on regulated + 12 volt d.c. power derived, via shielded

cabling, from a single laboratory-grade a.c. power supply within

the ONA equipment cabinet. Switching of this power supply from

the normal 400 Hz aircraft power source to a 60 Hz power source

(i.e., by use of the separate 60 Hz inverter located in the

rear of the FAA aircraft) produced no noticeable change in

signal/noise level. Similarly, it appeared to make little

difference whether or not the ONA instrumentation cabinet was

directly grounded to the airframe.

The upper and lower preamplifier units were

also exchanged, between the first and second flights, on the

possibility that the poor signal reception was somehow associated

with the lower preamplifier. However, excessive noise was

again observed from the lower antenna on the next flight.

It may therefore be concluded that the observed

poor signal reception from the underneath antenna was due either

to a high ambient noise field surrounding the lower antenna or,

less likely, to some interference picked up via the interconnecting

cable between the lower preamplifier unit and the ONA instrumen-

tation cabinet. There was no opportunity to re-route this

cable or to determine whether significant noise was indeed
being coupled into the interconnecting cable.

(It should be noted that any problem associated

with the lower antenna is complicated by the fact that Omega

signals cannot be normally received by an underneath-the-fuselage
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E-field antenna while the aircraft is on the ground. The

conductive airframes virtually shorts out the electric field

in the narrow region between the fuselage and the earth. Of

course, once the aircraft is airborne, this shielding effect

disappears and normal signal reception from an underneath-the-

fuselage antenna is possible).

Another simple test suggests that the lower

antenna was located in a region of high ambient noise. A

marked reduction in the receiver output noise level was observed

when the lower antenna was shielded from the surrounding electric

field. This shielding was effected by totally enclosing the

E-field plate antenna (at a spacing of 3 - 4 inches) with

aluminum, foil which was then grounded to the aircraft fuselage

skin. This test was made during a delay prior to the scheduled

take-off time so that only a qualitative measurement (via

earphone monitoring of the noise reduction produced by electrical

shielding of the antenna) was taken. Moreover, it should be

noted that this type of test (with aircraft on ground and with

landing gear doors opened so as to expose the lower antenna to

other possible interference sources) may not be indicative of

the actual noise level during flight (with the closed doors

then providing some additional electrical shielding).

The signal balancing unit and the noise analyzer/

receiver operated satisfactorily on both flights. A null balance

approaching -23 dB was obtainable on the internal BITE test signal

(e.g., switching from the additive A + B antenna mode to the noise-
cancelling, differential A - B mode required a 23 dB increase

in receiver gain to produce an equivalent meter output signal).

Furthermore, switching OFF the BITE signal under this condition

produced no further reduction in meter output reading for the

A-B mode (indicating that the -23 dB "null" reading was limited

by non-coherent noise rather than by an imperfect adjustment of

the phase/gain balance controls for the BITE signal itself).
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By operating in the A + B mode it is also possible

to obtain a null balance on the incoming Omega signals. The

level of the received Omega signals is considerably weaker than

that of the BITE test signal; accordingly, the quality of the

realizable null on any Omega station signal, in the presence

of the extraneous noise from the lower antenna, was limited to

roughly -14 dB (in switching from the normal A - B mode to the

A + B mode of operation).

It should be noted that optimal adjustment of

the gain and phase balance controls so as to achieve desired

cancellation of p-static interference (in the A - B differential

antenna mode) need not coincide with the comparable adjustment

for nulling of the BITE signal (also in the A - B differential

mode) or for Omega signal nulling (in the A + B antenna mode),

Initial nulling on BITE signals, however, does provide a simple,

convenient means of coarse adjustment of the gain/phase controls

that can be used by the operator prior to observing any p-static

interference. Once variable p-static is encountered, unless a

moderately good coarse null has already been achieved, it is

exceedingly difficult to determine even the proper direction

of an adjustment to either the phase or gain controls.

On the first flight, aircraft power to the

instrumentation was temporarily switched off iuediately prior

to take-off. ?tecipitation static was then encountered during

climb-out through overcast clouds in the Anchorage area. Such

operational problems, coupled with the excess noise from the

lower antenna, prevented the collection of more meaningful

test data on either flight.

The susceptibility of single E-field antennas

to precipitation-static interference was clearly demonstrated

on both flights. Node;ate-to-severe p-static was observed at

various times. Tlhe most severe interference appeared during
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periods of aircraft turbulence. Under these conditions the

normally strong Omega signals (Norway, Hawaii, N. Dakota) from

the upper antenna would be totally obliterated by noise having

a surging characteristic (as evidenced in earphone monitoring).

Under less severe interference conditions, one

or more of the Omega signals would be barely audible on the

upper antenna (identified as the A mode of operation) and

totally inaudible on the lower antenna (B mode). There were
several occasions that the corresponding Omega signal from the

differential antenna mode of operation (in the A - B mode) would

show a cleaner signal characteristic than that obtainable from

either antenna alone. From these qualitative observations it

might be concluded that the differential antenna system was

indeed providing some small measure of p-static noise cancellation.

Attempts were then made to improve the differential

A - B signal by adjustment of either the gain or phase balance

controls. The variability in the noise interference level,

however, obscured any changes in signal quality that may have

been produced by this trial-and-error adjustment procedure.

Several conclusions and recommendations can be

drawn from this limited flight testing:

1) Clean Omega signal reception was obtainable

from the upper plate antenna (under p-static

free conditions). This demonstrated that

the plate antenna/preamplifier combination

has adequate sensitivity.
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2) The lower antenna, however, introduced an

excessive level of electrical noise, both on

the ground and during flight. Uncorrelated

noise of this type must be eliminated if

successful n-static cancellation is to

be realized.

3) There is no imediate explanation for the

large noise level associated with the under-

neath antenna. Preliminary tests suggest,

however, that the noise is entering through

the antenna directly (i.e., that the antenna

is located in an unusually high noise field).

If thise noise field is sufficiently localized,

it should be possible to eliminate, or materially

reduce, the interference by a re-location

of the lower antenna (say, by moving the

antenna aft by 5 feet or more).

4) Oscilloscope monitoring of each preamplifier

outputs should be employed to determine

whether any saturation or limiting action is

occuring during impulsive p-static conditions.

(The antenna/preamplifier combination used

in this flight testing operated satisfactorily

up to an electric field strength level
approaching + 5 volts/meter; however, oscilloscope

monitoring of output waveforms would have

been useful in confirming that these levels

were not.excluded during the most severe

p-static interference).

5) Additional flight time should be scheduled

to provide operator experience and to verify

that all portions of the system are operating

satisfactorily prior to data collection.
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3.0 SYSIENI DEbCRIPTIUN

A brief description of each of the functionai

components of the aircraft instrumentation is as follokws:

3.1 E-Field Antennas

A pair of low silhouettd, capacitive-plate

antennas, one mounted atop the fuselage ana the other beneath tne

aircraft (both located near station 550 on the convair S80

aircraft), are used for Omega signal reception. Thge antenna

housing is an electrically insulated fiberglass shell with a

conductive coating painted over the central region (with this

cond, ztive region forming a capacitive plate antenna with respect

to the aircraft skin). A relatively small antenna of this type,

with an effective height-capacitance value in the neighborhoou ot

only 2 x 10-13 farad-meter, requires an extremely goou

preamplifier if input circuit noise is to be avoioed. however, a

physically small antenna, particularly in the height dimension,

reduces the risk of particle impingement that can, in itself, be

a source of p-static interference. A flush mouitea antenna ould

be even better, but this %oula pobe an additional installation

problem for the FAA Convair 580 and other aircraft.

3.2 Antenna Coupler Preamplifier)

An active coupler/preamplifier is ustu with each

antenna. Each preamplifier, mounted inside the aircraft, is

connected to its antenna via a 9" coaxial cable. Transfor'ner

coupling of the antenna input circuit is used to proviie isola-

lation to any power or common moue input noise. An eiectric-fiela
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strength sensitivity in the neighborhood of I volt/meter -,ffz

at the 13.6 kHz operating frequency was measured in the

laboratory (preamplifier used in combination with the above

E-field plate antenna).

3.3 Signal Balancing Unit

The Signal Balancing unit includes both phase ana

amplitude balance controls so that the common mode component of

the p-static noise can be nulled out; in addition, the unit

includes a reversing switch (in the B channel). The reversing P

switch is useful in initial coarse null balancing and in

measuring the quality of the null during p-static conditions.

The A-B position should show a deep null on

p-static if the phase and amplitude controls are properly

balanced for p-static suppression. Conversely, in the A + B

position, the received Omega signals and atmospheric noise will

tend to be nulled out, leaving p-static and other common-mode

noise as the major component.

3.4 Omega Noise Analyzer

Each Omega Noise Analyzer (UNA) includes both a

wide band filter output capability kapproximately 200 hz

bandwidth) and a narrow band output (less than 1 Hz). The wiue

bandwidth is most useful for the measurement of noise; the narrow

band filter, centerea at 13.6 kHz, permits a direct measurement

of Omega signal strength.

The operator can select, by means of a thumbwheel

switch, a particular Omega segment to be useo for time gating of

the wide band filter; similarly, a second Umega segment can
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be selected for the narrow band filter outputs. The time-gated

waveforms are rectified and averaged over the selected segment

interval. A sample-and-hold circuit displays the resultant

average value on front-panel meters: once every 10 seconds the

front-panel meters display new signal (or noise) coverages. Each

ONA channel has independent gain/attenuator controls so that

useful, on-scale meter deflections can be obtained over a wide

range of input signal (or noise) levels.

In addition to the front-panel meters, each ONA

channel includes provision for earphone monitoring and magnetic

tape recording (of the ungated 200 Hz bandwidth signals + noise).

Heterodyne conversion of the 13.6 kHz Omega signals to a 1024 Hz

intermediate frequency (i.f.) is employed. Phase and amplitude

information is retained in this process.

3.5 Tape Recorder

It had been originally planned that a Hewlett-

Packard 3964A Instrumentation Recorder be procured and used for

4-channel recording of the following ONA output channels:

Channel 1: Single Antenna A

Channel 2: Differential Antenna A - B

(or A + B through switch reversal)

Channel 3: Single Antenna B

Channel 4: Loop Antenna

Channel I and 2: Data logging is obtained from one
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ONA unit; Channel 3 and 4 recording would have been possible

from a second ONA unit (with the fourth channel designed to

give information on the comparative behavior of loop vs differential

E-field antenna under identical p-static conditions).

However, time and funding restrictions prevented

procurement of the 4-channel instrumentation for this particular

flight test series. Instead, a readily available 2-channel

cassette recorder (similar to an ordinary portable cassette

recorder, but with dual channels for stereo recording purposes)

was incorporated into the instrumentation package. The recorder

was then modified to provide more linear performance over its

full dynamic range by removal of its automatic level recording

circuit. Laboratory testing showed that the resultant recorder

had an adequate analog data recording capability, with correct

phase and amplitude data being displayed in playback of the dual

channels.
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